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Abstract
Internally fertilizing animals show a remarkable diversity in male genital mor-
phology that is associated with sexual selection, and these traits are thought to
be evolving particularly rapidly. Male fish in some internally fertilizing species
have “gonopodia,” highly modified anal fins that are putatively important for
sexual selection. However, our understanding of the evolution of genital diver-
sity remains incomplete. Contrary to the prediction that male genital traits
evolve more rapidly than other traits, here we show that gonopodial traits and
other nongonopodial traits exhibit similar evolutionary rates of trait change
and also follow similar evolutionary models in an iconic genus of poeciliid fish
(Xiphophorus spp.). Furthermore, we find that both mating and nonmating nat-
ural selection mechanisms are unlikely to be driving the diverse Xiphophorus
gonopodial morphology. Putative holdfast features of the male genital organ do
not appear to be influenced by water flow, a candidate selective force in aquatic
habitats. Additionally, interspecific divergence in gonopodial morphology is not
significantly higher between sympatric species, than between allopatric species,
suggesting that male genitals have not undergone reproductive character dis-
placement. Slower rates of evolution in gonopodial traits compared with a sub-
set of putatively sexually selected nongenital traits suggest that different
selection mechanisms may be acting on the different trait types. Further investi-
gations of this elaborate trait are imperative to determine whether it is ulti-
mately an important driver of speciation.
Introduction
Genital morphology in males is generally highly variable
in animals with internal fertilization, and these complex
traits are thought to evolve rapidly. The variability in
these traits and the potential swiftness of genital trait evo-
lution may be explained by a number of different factors,
where one of the key drivers put forward is sexual selec-
tion (Eberhard 1985, 2010a; Arnqvist 1998; Hosken and
Stockley 2004; Langerhans 2011). Cryptic female choice
or sexually antagonistic coevolution in particular is pre-
dicted to drive the rapid evolution of male genital mor-
phology due to coevolution with the female (Eberhard
1996). Under cryptic female choice, females may discrimi-
nate against males (or their genitalia) before or after cop-
ulation. Sexually antagonistic selection would favor
genitalia that allow males to gain control of reproduction
(e.g., insemination or fertilization), and a tight
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coevolutionary arms race of male and female genitalia
would be expected to ensue (Hosken and Stockley 2004;
Klaczko et al. 2015). Natural selection mechanisms have
received comparatively less attention as drivers of the evo-
lution of diversity in male genitalia (Eberhard 1985; Arn-
qvist 1998; Hosken and Stockley 2004; but see Langerhans
et al. 2005; Heinen Kay and Langerhans 2013; Heinen-
Kay et al. 2014). Such selective pressures can include
habitat ecology, like conspicuousness or locomotor abili-
ties in water environments, and are thought to play an
important role in genital evolution in poeciliid fishes, for
example (Langerhans 2011). By comparison, some species
in this family of fish (genus Xiphophorus) with a longer
sexually selected caudal fin or swordtail do not incur a
cost to swimming and aerobic locomotion is not con-
strained (Oufiero et al. 2014a,b). One hypothesis that has
been traditionally cited is that genitalia are subject to nat-
ural selection against hybridization (lock-and-key hypoth-
esis), and this hypothesis is supported by the occurrence
of reproductive character displacement (Langerhans
2011). There are two main mechanisms by which lock-
and-key reproductive isolation operates (Masly 2012).
The first is the classic structural lock-and-key mechanism
where the differences in genital morphology between spe-
cies directly prevent or reduce successful copulations and/
or inseminations. The second is the sensory lock-and-key
mechanism where one or both sexes perceive the differ-
ences in genital morphology and this causes behavioral or
physiological responses that result in early termination of
mating attempts or postcopulatory reproductive fitness
problems (Masly 2012). These mechanisms are not mutu-
ally exclusive and can operate together to give rise to
reproductive isolation (Masly 2012).
Although rare to date, comparative phylogenetic studies
of the rates and modes of evolution of male genital versus
nongenital traits are required for understanding how and
why the evolution of such diversity in male genitals arises.
Systems characterized by a diverse group of species that
exhibit a variation in genital and also nongenital traits are
key for such investigations.
The genus Xiphophorus is comprised of 26 species of
small freshwater fish called swordtails and platyfish. These
fishes form a highly diverse radiation predominantly in
Mexico and exhibit a large amount of variation in male
genital traits (Figs. 1, 2), as well as in nongenital traits
(such as the ornamental sword in males; e.g., Marcus and
McCune 1999). Thus, this genus is ideal for studying the
evolution of the male intromittent organ (gonopodium)
as the evolutionary dynamics between diverse genital and
nongenital traits can be compared. Xiphophorus fish are
called swordtails due to the dagger-like modified anal fins
of males, some of which form the gonopodium that
serves as a sperm transfer organ and is used in internal
fertilization of females (Fig. 1; Heckel 1849). Females give
birth to living young rather than laying eggs as in most
other species of fish. Male Xiphophorus fish, as in other
animals with internal fertilization, exhibit highly variable
genital morphology (Eberhard 1985, 2010b; Edwards
1993; Hosken and Stockley 2004; Evans and Meisner
2009; Langerhans 2011). The gonopodia have been used
extensively in species identification (e.g., Kallman et al.
2004). However, there is as yet no genus-wide analysis
examining the forces driving and maintaining the elabo-
rate gonopodial morphology.
The morphology of the Xiphophorus male reproductive
intromittent organ shows high interspecific variation
through the differences in hooks, spines, claws, overall
length, and other features and may be key in prezygotic
isolation (Clark et al. 1954; Rosen 1979; Kallman et al.
2004; Langerhans 2011). In Xiphophorus, as in all poecili-
ids, the gonopodium develops from an undifferentiated
male anal fin and is modified for transmitting sper-
matophores. Specifically, three elongated rays of the anal
fin constitute the morphologically and functionally spe-
cies-specific distinct structure. One anal fin ray develops
spines and a hook, and a second ray develops a claw-like
structure. As suggested above, different sources of both
natural and, in particular, sexual selection are likely to act
on genitalia (Eberhard 1985). Such sources of selection
are thought to have influenced the extraordinary diversity
in form seen across poeciliid fishes generally, and suggest
a key role for genital diversity in speciation (Langerhans
2011). Sexual selection appears to be important in causing
at least some of the observed diversity in this structure in
some species of poeciliid fish (Evans et al. 2011; Kwan
et al. 2013). Further, the male intromittent organ might
also serve to remove previously deposited spermatophores
(Eberhard 1985).
Across their distribution, from Mexico south to Hon-
duras, Xiphophorus fish also show a variation in nongeni-
tal morphological traits, such as the extravagant male
sword, body color, and vertical bar pigment pattern, some
of which are thought to be important in mate choice
(Basolo 1990; Rauchenberger et al. 1990; Morris and
Casey 1998; Marcus and McCune 1999; Kingston et al.
2003). For instance, Darwin (1872) already recognized
that the long colorful extensions of the ventral caudal fin,
or sword, exhibited by males of some species of these fish
might have arisen by sexual selection, and these longer
swords have subsequently been shown to be preferred by
females (Basolo 1990). Similarly, Xiphophorus hellerii
males sporting red mid-lateral stripes, rather than darker
stripes, have been shown to be preferred by females
(Franck et al. 2003), and Xiphophorus cortezi females have
a polymorphic preference for vertical bars (Morris et al.
2003).
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Here, we conducted the first study of gonopodial mor-
phology and evolutionary dynamics that considers all 26
species of the genus Xiphophorus, including recently
described species. We characterize and quantify gonopo-
dial morphology and use phylogenetic comparative meth-
ods to estimate the rates of trait evolution and fit
evolutionary models to determine the modes of evolution.
We first examine whether the rates are faster, and
whether modes differ, in gonopodial compared to non-
gonopodial traits. Second, we investigate whether different
natural selection mechanisms, both mating (hybridization
avoidance) and nonmating (habitat ecology), are playing
a role in the evolution of the highly variable Xiphophorus
gonopodial morphology.
Methods
Samples
The gonopodia of all 26 species of Xiphophorus fish were
dissected from each individual, cleared with a trypsin
solution, and stained using alcian blue and alizarin red
(the number of individuals per species ranged from one
to five, Table S1; Dingerkus and Uhler 1977). Individuals
examined here are from laboratory strains bred from
wild-caught individuals. Clearing and staining was
employed to ensure the clear visualization of all compo-
nents of the trait. Each gonopodium was then mounted
on an individual slide and photographed with a Zeiss
AxioCam MRc 2 digital imaging system mounted on an
M2 stereomicroscope (Zeiss, Germany) (Fig. 2).
Trait morphology and scoring
Xiphophorus gonopodial morphology was characterized by
scoring six different traits and using existing data for
seven further traits (Fig. 1, Tables 1, S2; Marcus and
McCune 1999). We also obtained data on 28 additional
nongonopodial multistate characters that had been previ-
ously scored (Marcus and McCune 1999; Table 1). These
include a variety of traits related to coloration, body
shape, fins, and growth. We note that although such traits
are known to vary extensively among Xiphophorus fish,
very few have been identified to be under some form of
selection or evolving neutrally. The gonopodial characters
scored as multistate characters are known to vary between
poeciliid species and especially within the genus
Xiphophorus (Rosen 1960; Kallman et al. 2004). Here,
claw presence and size were scored, and we also scored
hook and ramus shape, the shape of ray 4a, and spine
angle (Figs. 1, 2). Additional linear measurements were
also scored to capture the fine-scale morphology of the
gonopodium when testing for ecological factors. The
length of the gonopodium was measured from the anchor
point of the first ray to the tip of the gonopodium.
Comparison of evolutionary rates and
fitting of models of trait evolution
In the first set of analyses, we aimed to compare the dif-
ferent suites of traits (i.e., gonopodial and nongonopo-
dial) in terms of evolutionary rates and modes of trait
evolution. All phylogenetic comparative analyses were
(A) (B)
Figure 1. The gonopodium structure and location in an exemplar Xiphophorus species, X. hellerii (A). Schematic diagram of X. clemenciae
gonopodial tip (B). Modified from Meyer and Schartl (2003). See Table 1 for descriptions of all gonopodial characters used in this study.
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Xiphophorus alvarezi
SS
Xiphophorus hellerii
SS
Xiphophorus mayae
SS
Xiphophorus monticolus
SS
Xiphophorus clemenciae
SS
Xiphophorus 
kallmani
SS
Xiphophorus mixei
SS
Xiphophorus signum
SS
Xiphophorus birchmanni
 NS
Xiphophorus cortezi
 NS
Xiphophorus nezahualcoyotl
 NS
Xiphophorus montezumae
 NS
Xiphophorus continens
 NS
Xiphophorus malinche
 NS
Xiphophorus multilineatus
 NS
Xiphophorus nigrensis
 NS
Xiphophorus pygmaeus
 NS
Xiphophorus gordoni
 NP
Xiphophorus meyeri
 NP
Xiphophorus couchianus
 NP
Xiphophorus andersi
 SP
Xiphophorus maculatus 
 SP
Xiphophorus milleri
 SP
Xiphophorus evelynae
 SP
Heterandria formosa
 OG
Xiphophorus xiphidium
 SP
Xiphophorus variatus
 SP
Gambusia holbrooki
 OG
Priapella intermedia
 OG
Figure 2. Structural diversity in gonopodial morphology of all Xiphophorus species. Photographs of all Xiphophorus species gonopodia taken
after clearing and staining. Species are organized by the four main clades traditionally recognized in this genus: SS, southern swordtail; NS,
northern swordtail; NP, northern platyfish; SP, southern platyfish; OG, outgroup. Scale bar represents 0.5 mm.
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performed using the best supported tree in Jones et al.
(2013) as a reference tree. This reference tree is based on
a set of RAD markers and was estimated using maximum
likelihood. This tree was transformed into an ultrametric
tree using the chronopl function in the R package ape
(Sanderson 2002), with smoothing parameter set to 1.
Then, based on the multistate character datasets (gonopo-
dial and nongonopodial), we computed a matrix of pair-
wise Gower’s distances (Gower 1971) between species
using the R package cluster (Maechler et al. 2014) and
restricted the analyses to the traits scored in at least half
of the species (we note that some species were not scored
for all traits in the previously published data utilized
here) (all traits listed in Table 1 were included in these
analyses). Next, we performed a principal coordinates
analysis on each of these two matrices, retaining the score
of each species on the first principal coordinate (account-
ing for 51.02% of total variation in the case of gonopo-
dial-related traits and 55.54% in the other set of traits) as
a univariate measure of trait variation for the subsequent
univariate analyses. We tested for the presence of phylo-
genetic signal in the multivariate datasets comprising the
scores along all the principal coordinate axes for the two
datasets (gonopodial and nongonopodial). This was
accomplished using a method recently proposed by
Adams (2014), which consists of a generalization of
Blomberg’s K statistic (Blomberg et al. 2003) to multi-
variate data and whose significance is tested through a
permutational procedure (1000 permutations in our case;
see Table 2 for a summary of all analyses conducted in
this study).
Next, to determine the evolutionary dynamics of both
the gonopodial and nongonopodial trait sets, eight mod-
els were fitted and the rates of trait evolution were com-
pared between the two sets of traits (Adams 2013). We
used Adams’ (2013) method to compare the evolutionary
rates between the first principal coordinate computed on
the distance matrix based on gonopodial traits, and the
first principal coordinate based on the other traits. We
employed the R package geiger (Harmon et al. 2008) to
fit different evolutionary models on each of the two prin-
cipal coordinates. To identify the best-fitting model, a
model selection procedure was used. First, a likelihood
ratio test was performed to compare a Brownian motion
model (i.e., a random walk model with a constant rate of
trait evolution; Felsenstein 1973) with a model of white
noise to determine whether a phylogenetic model of trait
variation represented a significant improvement over a
model of random noise. Then, as the Brownian motion
model was significantly better in both cases, the other
models available in the function fit Continuous were fitted
and compared to the Brownian motion model using a
likelihood ratio test. These comprise the Ornstein–
Table 1. Descriptions of all gonopodial characters used in this study.
Character number Character description
Gonopodial traits
Character 58 Claw presence vs absence
Character 59 Claw size described in relation to distal
serrae of ray 4b
Character 60 Hook shape, crescent versus sickle shape
(Kallman et al. 2004)
Character 61 Ramus shape around the blade
Character 62 Shape of ray 4a, four categories: from totally
straight to curved in shape
Character 63 Spine angle of ray 3
Character 4 Distal serrae on ray 4b
Character 5 Well-formed hook on ray 5a
Character 6 Granular tissue on the dorsal part of the hook
on ray 3
Character 7 Subdistal spine on ray 3
Character 8 Size of segments of the distal ramus of ray 4a
Character 9 Subdistal serrae on ray 4b
Character 39 Black or darkly pigmented gonopodium
Nongonopodial traits
Character 1 Sword
Character 2 Sword consisting exclusively of unbranched rays
Character 3 Upturned sword
Character 10 Head bump
Character 13 Elongated ventral caudal fin rays
Character 15 Growth rate
Character 16 Allometric growth of sword
Character 18 Dusky band continuous with dorsal pigment of
sword
Character 19 Proximal dorsal pigmentation of the sword
Character 20 Distal dorsal sword pigment
Character 21 Grave spot
Character 22 Ventral margin of caudal fin and sword densely
edged by melanophores
Character 23 Yellow and orange carotenoid sword
pigmentation
Character 25 Drosopterin
Character 26 Sex-linked red and yellow pattern
Character 30 Two or more rows of red lateral marks
Character 31 Multiple lateral stripes
Character 32 Solid mid-lateral stripe at birth
Character 33 Vertical bars
Character 34 Body bicolored
Character 35 Dark subdermal dashes of pigment
Character 36 Two or more oblique lines behind pectoral base
Character 37 Mid-dorsal spots
Character 38 Dorsal fin with dark marginal pigment and a
sub-basal row of dark spots on the inter-radial
membrane
Character 40 Caudal blotch
Character 41 Spotted caudal
Character 42 Carbomaculatus
Character 43 Alleles at the tailspot locus
Characters 58–63 were described in the present study. Characters 4–
9, 39 were described by Marcus and McCune (1999) (original num-
bering of characters as per Marcus and McCune (1999) was main-
tained for consistency and characters described here were given
unique numbers). Descriptions of nongenital characters used in the
analyses of rates and modes of evolution, characterized by Marcus
and McCune (1999).
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Uhlenbeck model (which is a random walk with an opti-
mum in phenotypic space, toward which the evolution of
the trait is “pulled”; Butler and King 2004), an early-burst
model (where evolutionary rates increase or decrease
exponentially through time; Harmon et al. 2010), a trend
model (where evolutionary rates increase or decrease lin-
early through time), and three models (lambda, kappa,
and delta) based on tree transformations (Pagel 1999).
The lambda model transforms the tree according to a
parameter lambda, which ranges between zero (star-like
phylogeny, which implies that the evolution of the trait is
not reflected by the phylogeny) and one (equivalent to a
Brownian motion model). The kappa model differentially
“stretches” longer and shorter branches; in its default
Table 2. Overview of all analyses and results.
Dataset Test (verbal) Test (statistical) Result
PCoA scores from multistate
characters – gonopodial
traits
Phylogenetic signal Multivariate generalization of
Blomberg’s K
Kmult = 0.56, P < 0.0001
Fitting of evolutionary models AICc and likelihood ratio test Brownian motion (see
Table 3)
PCoA scores from multistate
characters – nongonopodial
traits
Phylogenetic signal Multivariate generalization of
Blomberg’s K
Kmult = 0.27, P = 0.0014
Fitting of evolutionary models AICc and likelihood ratio test Brownian motion (see
Table 3)
PCoA scores from multistate
characters – gonopodial and
nongonopodial traits
Comparison of evolutionary rates
between sets of traits
Adams’ method on PCoA1 scores
for each set of traits
P = 0.48
PCoA scores from multistate
characters – putatively
sexually selected traits
Phylogenetic signal Multivariate generalization of
Blomberg’s K
Kmult = 0.41, P = 0.02
Fitting of evolutionary models AICc and likelihood ratio test Brownian motion (see
Table 3)
PCoA scores from multistate
characters – putatively
nonsexually selected traits
Phylogenetic signal Multivariate generalization of
Blomberg’s K
Kmult = 0.29, P = 0.03
Fitting of evolutionary models AICc and likelihood ratio test Brownian motion (see
Table 3)
PCoA scores from multistate
characters – putatively
sexually selected and
nonselected traits
Comparison of evolutionary rates
between sets of traits
Adams’ method on PCoA1 scores
for each set of traits
Sexually selected Robs = 2.60
Nonsexually selected
Robs = 0.72
P = 0.002
PCoA scores from multistate
characters – gonopodial and
putatively sexually selected
traits
Comparison of evolutionary rates
between sets of traits
Adams’ method on PCoA1 scores
for each set of traits
Sexually selected Robs = 2.60
Nonsexually selected
Robs = 0.27
P < 0.001
Linear measurements on
putative holdfast gonopodial
features
Effect of waterflow on gonopodial
morphology while accounting for
phylogeny
Phylogenetic generalized
least-squares
P = 0.51
Effect of waterflow on gonopodial
morphology while accounting for
phylogeny
Partial Mantel test keeping the
matrix of patristic distances
constant
r = 0.10, P = 0.24
Correlation of ability to hybridize in
the wild and gonopodial
morphology, accounting for
phylogeny
Partial Mantel test keeping the
matrix of patristic distances
constant
r = 0.07, P = 0.12
Correlation of ability to hybridize
(both in the wild and in the
laboratory) and gonopodial
morphology, accounting for
phylogeny
Partial Mantel test keeping the
matrix of patristic distances
constant
r = 0.20, P = 0.004
Correlation between existence in
sympatry and gonopodial
morphology, accounting for
phylogeny
Partial Mantel test keeping the
matrix of patristic distances
constant
r = 0.03, P = 0.68
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implementation in geiger, it is a punctuational model of
evolution, with values bounded to be comprised between
zero (punctuational model, where the amount of evolu-
tion is independent of branch length) and one (no differ-
ential “stretching” of branches). In the delta model, based
on a scaling of the path lengths, the rates of evolution
can increase or decrease over time. When models fitted
using default options in fitContinuous contained estimated
parameters at their default bounds, the model was fit
again increasing the range of the parameter used by the
fitContinuous function. Among the models that fitted sig-
nificantly better than the Brownian motion model (if
any), the best was chosen using the version of the
Akaike’s Information Criterion (AIC; Akaike 1973) cor-
rected for small sample sizes (AICc; Hurvich and Tsai
1989).
With the aim of conducting a preliminary investigation
of whether sexual selection is acting on gonopodial traits,
we implemented the same analyses described above to
compare the rates and modes of evolution in gonopodial
traits and a subset of nongonopodial traits. We compared
gonopodial traits with nongonopodial traits reasonably
known to be under sexual selection (vertical bars and
growth rate, e.g., Ryan and Causey 1989; Morris et al.
2003; Lampert et al. 2010) and for which data are avail-
able. We do not include the sword trait (known to be
preferred by females) in this subset because the evolution
of the sword involves a variety of factors. For example, in
some species, this trait has been lost (Xiphophorus macu-
latus and Xiphophorus variatus); however, females of both
species prefer males with a sword; therefore, it is difficult
to accurately reflect this scenario in a presence/absence
matrix, for example. We additionally compared this sub-
set of nongonopodial traits putatively under sexual selec-
tion with a subset of nongonopodial traits where the
selection mechanisms acting are unknown to date (head
bump, multiple lateral stripes, solid mid-lateral stripe at
birth, body bicolored, dark subdermal dashes of pigment,
two or more oblique lines behind pectoral base; Table 2).
This is a preliminary investigation as to date most mor-
phological traits differentially exhibited among Xiphopho-
rus species are yet to be identified as being under
selection or evolving neutrally.
Habitat, reproductive character
displacement, and gonopodial morphology
To determine whether the variation in specific gonopodial
traits is correlated with habitat type, that is, sites with dif-
ferent water flow regimes such as ponds versus flowing
rivers, we used habitat data descriptions from all existing
studies where water flow has been characterized for
Xiphophorus habitats (Rosen 1960; Rauchenberger et al.
1990; Meyer and Schartl 2003; Kallman et al. 2004; Kall-
man and Kazianis 2006; Jones et al. 2012), as well as from
unpublished data collected and verified over 35 years of
regular field studies (M. Schartl, unpublished data). We
note that in some instances although different species
have been recorded to inhabit the exact same rivers or
streams, they have also been repeatedly observed to prefer
different microhabitats of those waterways (M. Schartl,
unpublished data). For example in the habitats where
Xiphophorus kallmani and Xiphophorus milleri predomi-
nantly occur, the swordtails (X. kallmani) are always seen
in the middle of the stream where the current is high,
and they also court in this habitat (MS, pers. obs.). In
contrast, the platyfish (X. milleri) are only found in the
calm regions of the streams, generally close to the shore
and under plants (MS, pers. obs.). The same holds true
for X. variatus and the northern swordtails. In such cases,
species repeatedly recorded in the faster-flowing regions
of rivers or streams were categorized as occurring in flow-
ing habitat types, whereas species repeatedly recorded
close to the banks and under plants in slower-flowing
regions of the waterways were categorized as occurring in
still-water habitats. We categorized all known habitat
types as either flowing or still water and then used phylo-
genetic comparative methods to test for morphological
differences between habitat types in traits deemed likely
to be influenced by water flow (due to the fact that they
are external structures on the gonopodium). Of the major
clades, the claw character is present in 16 of 17 species
from the two clades typified by flowing water environ-
ments, while the claw is present in only 1 of 9 species
from the clades most commonly in still-water environ-
ments (Fig. S1). We measured a further set of five mor-
phometric traits on the putative holdfast traits, the claw
and serrae (Fig. S2, these are linear measurements, differ-
ent from the multistate gonopodial characters used as
starting data above), computed species means, and
adjusted for allometric variation using standard length
(sample mean). We chose to utilize the claw and serrae
for these analyses as these features are on the external
part of the gonopodium and may have holdfast functions
and contribute to copulatory compatibility. All the subse-
quent phylogenetic comparative analyses are based on the
same ultrametric tree described above for the analyses
using multistate characters as starting data.
We tested for phylogenetic signal, that is, the tendency
for evolutionary-related organisms to resemble each other
(Blomberg et al. 2003), in the morphometric traits on the
putative holdfast traits using both a Mantel test and the
adaptation of Bloomberg’s K to multivariate data (Adams
2014). The Mantel test was used to test the significance of
the correlation of allometry-adjusted pairwise Euclidean
morphometric distances with the matrix of patristic
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distances obtained from the phylogenetic tree: The same
phylogeny was used for Adams’ method.
We used phylogenetic generalized least-squares method
(Grafen 1989; Martins and Hansen 1997; Garland and
Ives 2000; Rohlf 2001) to take into account phylogenetic
nonindependence when comparing habitat types using the
five morphometric measurements as dependent variables.
For phylogenetic generalized least-squares method, we
used the expected covariance matrix under a Brownian
motion model (with gamma parameter set to 1, obtained
in ape) as the error covariance matrix. To ensure the con-
sistency between the analyses here and those detailed
below for tests of reproductive character displacement, we
also obtained pairwise interspecific Euclidean morphome-
tric distances based on the five morphometric traits
(Fig. S2) after they had been subjected to a multivariate
regression-based allometric adjustment. We then used a
partial Mantel test (Smouse et al. 1986; Oden and Sokal
1992) to test for the correlation between these distances
and a binary matrix indicating whether two species live in
the same environment or not. To account for phyloge-
netic nonindependence, we kept the matrix of pairwise
patristic distances constant.
Additionally, we asked whether genital evolution is
influenced by the avoidance of interspecific hybridization.
We addressed this question by comparing the differences
in gonopodia of species pairs known to hybridize or not
in nature and the laboratory. We asked whether or not
those pairs that are sympatric in nature have more pro-
nounced differences in gonopodial structure than pairs
that are allopatric in nature. We utilize extensive inter-
specific hybridization records (both under laboratory
conditions, Schartl et al. unpublished, and naturally
hybridizing species, summarized in Kallman and Kazianis
(2006)], as well as species geographical distribution infor-
mation including sympatric and allopatric data (Tables
S3, S4). We investigated sympatry and hybridization
using, as outlined above, partial Mantel tests. These tests
were implemented because sympatry and hybridization
events can be expressed only as a property of species
pairs and we could therefore not use the phylogenetic
generalized least-squares method to test for difference in
the five morphometric traits. Specifically, we tested for
the correlation between the matrix of pairwise morpho-
metric distances (after allometric correction) and a binary
matrix reflecting, respectively, if each pair of species lived
in sympatry or not, if each pair of species hybridized
under laboratory conditions, and if each pair of species
hybridized under both laboratory and natural conditions
(see Tables S3 and S4: data compiled from Rosen 1979;
Meyer 1983; Kallman et al. 2004; Kallman and Kazianis
2006; M. Schartl pers obs.). As above, the matrix of
patristic distances obtained from the phylogeny of Jones
et al. (2013) was used to account for phylogenetic nonin-
dependence in all tests.
We performed the above-mentioned set of comparative
analyses (phylogenetic generalized least-squares test for
comparing water flow regimes; partial Mantel tests for
assessing the correlation of morphology with hybridiza-
tion and sympatry), also on gonopodium length both
accounting for allometric variation (using standard length
as covariate) and using raw data.
Phylogenetic comparative analyses were performed
using the R (R Core Team 2013) packages ape (Paradis
et al. 2004), nlme (Pinheiro et al. 2016), vegan (Oksanen
et al. 2016), and adephylo (Jombart and Dray 2008). All
analyses using partial Mantel tests are based on 1000
permutations.
Results
Trait evolution
We first compared the evolutionary rates and modes of
trait evolution in different suites of traits (gonopodial
and nongonopodial). We detect a significant phylogenetic
signal in both gonopodial and nongonopodial suites of
traits (Kmult = 0.56 and Kmult = 0.27, respectively;
P < 0.001 in both cases). We find that the rates of trait
evolution (Adams 2013) between gonopodial and non-
gonopodial traits are not significantly different
(P = 0.48), and further, we find that the best-fitting
model of trait evolution for both sets of traits is a Brown-
ian motion model (Table 3, all results found in this study
are summarized in Table 2).
In an initial investigation of the potential selection
mechanisms acting on the gonopodium traits, we find that
the rates of trait evolution in a subset of morphological
traits reasonably known to be under sexual selection are
faster than the rates of trait evolution found in gonopodial
traits (P < 0.001; Table 2). Similarly, a subset of traits for
which the underlying evolutionary mechanisms are as yet
unknown are found to have a slower rate of trait evolution
than the putatively sexually selected subset of traits
(P = 0.002; Table 2). We find that the best-fitting model
of trait evolution is the same for gonopodial traits and
both subsets of traits (Brownian motion) (Tables 2, 3).
Further, we detect a significant phylogenetic signal in both
subsets of traits (putatively sexually selected traits
Kmult = 0.41 and putatively nonsexually selected traits
Kmult = 0.29, respectively; P < 0.05 in both cases; Table 2).
Determinants of gonopodial morphology
We determined whether the variation in specific gonopo-
dial traits is correlated with habitat type. The claw (a
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putatively important holdfast trait) is present in the major-
ity of species occurring predominantly in fast-flowing
habitats, whereas it is absent in species preferring slow-
flowing habitats (Fig. 1B, Table 1, Fig. S1). Using two
analyses of phylogenetic signal, we find that there is a sig-
nificant phylogenetic signal (r = 0.22, Mantel test
P < 0.001; Adams’ Kmult = 0.608 P < 0.0001) in the ana-
lyzed traits (dataset of linear measurements of putatively
holdfast traits); that is, the more closely related two species
are, the more similar they are as well in their gonopodial
morphology. Interestingly, when using the measurement
data of the claw and serrae (Fig. 1, Table 1, traits measured
shown in Fig. S2), there are no significant differences
found between habitat types in any of the comparative
methods used.
In addition, we find that the correlation between sym-
patry and morphometric distances is not significant (both
Mantel and partial Mantel, P > 0.05) (Table 2). This sug-
gests that there is no evidence of patterns typically associ-
ated with reproductive character displacement (Shapiro
and Porter 1989; Arnqvist 1998). We find that there is a
significant negative correlation between species known to
hybridize in nature and the laboratory and the analyzed
morphometric distances when taking into account phylo-
genetic nonindependence (r = 0.2, partial Mantel test,
P = 0.004). However, the correlation between morphome-
tric measurements and hybridization under natural condi-
tions is lower and not significant (Table 2).
Discussion
We show that the highly variable Xiphophorus gonopodial
structure is not evolving more rapidly than other nongen-
ital traits in this diverse genus. While male genital mor-
phology is variable among Xiphophorus species, there is
no difference in evolutionary rates of change or modes of
evolution when compared with nongonopodial traits. We
find that a Brownian motion model is the best-fitting
model for both trait types. In a Brownian motion model,
the state of a character can increase or decrease at each
instant in time, and the magnitude and direction of these
shifts are independent of the current state of the character
and have a net change of zero (O’Meara et al. 2006). The
lack of difference in rate and mode of gonopodial evolu-
tion compared to nongonopodial evolution may be
explained by similar selection mechanisms acting on both
trait types in Xiphophorus fishes. It is a common assump-
tion that genital traits are more variable (e.g., due to sex-
ual rather than natural selection pressures) or evolve
more rapidly (e.g., where prezygotic isolation is expected
to evolve faster than postzygotic isolation; Coyne and Orr
1989) than nongenital morphological traits (Arnqvist
1998; Hosken and Stockley 2004; Eberhard 2010a, 2010b).
Recently, this has indeed been shown to be the case in an
ecologically and morphologically highly diverse group of
squamate reptiles, Caribbean Anolis lizards (Klaczko et al.
2015). However, the results gained here suggest that this
trend may not be universal. Thus, although we find no
difference in gonopodial rates of evolution compared to
nongonopodial traits, the question remains: “What is
driving the diversity in form of this elaborate trait?”
Utilizing morphological data gathered in this study,
and already available morphological characterizations and
habitat descriptions, we examined whether natural selec-
tion mechanisms, both mating and nonmating, play a role
in shaping gonopodial morphology. Habitat ecology, in
particular flow velocity of the water environment, may
select for genital morphology that ensures the successful
Table 3. Models fitted for gonopodial and nongonopodial traits.
Model AICc LRT P-value
Gonopodial traits PCoA1
Brownian motion 24.78 –
Ornstein–Uhlenbeck 22.21 1
Early burst 23.81 0.21
Trend 23.60 0.24
Lambda 22.21 1
Kappa 22.39 0.67
Delta 24.25 0.154
Nongonopodial traits PCoA1
Brownian motion 18.04 –
Ornstein–Uhlenbeck 15.47 0.97
Early burst 15.47 1
Trend 15.47 0.97
Lambda 15.47 1
Kappa 15.51 0.83
Delta 15.52 0.82
Sexually selected traits PCoA1
Brownian motion 26.02 –
Ornstein–Uhlenbeck 28.93 0.99
Early burst 27.68 0.26
Trend 27.91 0.31
Lambda 28.93 1
Kappa 27.54 0.24
Delta 30.25 1
Nonsexually selected PCoA1
Brownian motion 3.86 –
Ornstein–Uhlenbeck 4.95 0.18
Early burst 6.77 1
Trend 5.50 0.26
Lambda 6.77 1
Kappa 6.77 1
Delta 5.11 0.20
LRT P-value refers to the P-value obtained when performing a likeli-
hood ratio test comparing the model against a Brownian motion
model. A P value lower than 0.05 would indicate that the alternative
model is a better fit than a Brownian motion model. Best-fitting mod-
els are highlighted in boldface.
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transfer of sperm. A shift in the breeding habitat of these
fish may select for the most effective holdfast mecha-
nisms, assuming that those mechanisms are otherwise
costly. While the presence of such a trait (claw) might be
related to water flow, the fine-scale morphometric varia-
tion in holdfast traits shows no correlation with habitat
type. However, future collection and analyses of more
detailed habitat data for all Xiphophorus species will allow
us to gain higher-resolution results than those possible
with the currently available data, and such results may
differ from what we find here. Nonmating natural selec-
tion, such as selection for locomotor performance or the
presence of predators, may also play a role in the diver-
gence of gonopodial morphology (e.g., as was shown in
poeciliid fish; Kelly et al. 2000; Langerhans et al. 2005).
However, again here, we find no difference in gonopodial
lengths between fast- and slow-flowing habitats, while fur-
ther studies are required to investigate the influence of
predators. Similar to the sword in these fish, the evolu-
tion and development of the gonopodium may have little
impact on a male’s ability to swim (Oufiero and Garland
2007; Oufiero et al. 2012, 2014a). These results are consis-
tent with previous studies suggesting that different mech-
anisms, other than habitat ecology, need to be considered
as potential drivers of variation in male genital morphol-
ogy (e.g., Jennions and Kelly 2002).
Further, we show that the gonopodium is unlikely to be
subject to reproductive character displacement or selection
against hybridization. Although our results provide evi-
dence for the premise that species with more similar
gonopodial morphologies can and do hybridize in the lab-
oratory, in nature there is no evidence for the predicted
outcome (i.e., that species living in sympatry show higher
morphological divergence). In fact, we find no evidence
for higher trait distance between species in sympatry ver-
sus allopatry. This might suggest that there are other
prezygotic isolating mechanisms, such as mating behavior,
acting to keep these species apart and that such traits may
also be evolving faster than the differences in gonopodial
morphology. Because most species in this genus hybridize
in the laboratory, if not given a choice, the gonopodial
traits (and female genital differences that might exist) do
not provide an effective barrier to hybridization anyhow.
These results are in line with one of the most important
criticisms of the role of structural lock-and-key mecha-
nisms in reproductive isolation in particular; that is, that
species possessing dramatic differences in genital morphol-
ogy can often mate and produce offspring (Robson and
Richards 1936; Masly 2012). Investigations of female geni-
tal morphology among Xiphophorus species, and whether
there is intraspecific correlated evolution of male and
female genitalia, would further strengthen our understand-
ing of the role of structural reproductive isolation (Masly
2012) in these fish. Similarly, the possibility of reproduc-
tive isolation being influenced by sensory lock-and-key
mechanisms remains to be investigated in Xiphophorus.
The poeciliid genus Gambusia by comparison, which like
Xiphophorus exhibits much interspecific gonopodial diver-
sity, shows significant reproductive character displacement
both in the male gonopodia and in female genital mor-
phology (Langerhans 2011). These so far contrasting
results between Xiphophorus and Gambusia suggest that a
diversity of selective forces are contributing to male genital
variation in this family of about 280 species and about 28
genera of livebearing fishes.
Is the gonopodium a key target of sexual selection?
Previous studies of livebearers suggest that sexual selec-
tion may be causal in the diversity of structures seen in
the gonopodium (Langerhans 2011). The finding here of
slower rates of evolution in gonopodial traits compared
to a subset of nongonopodial traits thought to be under
sexual selection suggests that different mechanisms might
be acting on the gonopodium compared to such traits.
However, the same evolutionary model (Brownian
motion) was found to be the best-fitting model for the
gonopodial traits and both the putatively sexually selected
subset of traits and a subset of traits where the selection
mechanisms acting are not known, suggesting instead that
similar evolutionary mechanisms may be acting on all
these different trait sets. Comparisons with the putatively
sexually selected subset of traits were necessarily based on
a small subset of nongonopodial traits (due to a lack of
current information driving the diversity of these traits)
and would greatly benefit from studies of the underlying
forces governing the diversity of form in more of the
morphological traits in this genus. Thus, the preliminary
inquiry conducted here into the potential role of sexual
selection mechanisms on the evolution of the diverse
Xiphophorus gonopodium has just begun to scratch the
surface, and further investigations are imperative for
determining more conclusively how and why sexual selec-
tion might be acting on this elaborate trait.
Next targets of investigation
Broadly, the question of which mechanisms underlie the
striking diversity of genital morphologies has received the
most attention by researchers and empirical support from
sexual selection theory (Eberhard 1985, 2010a; Arnqvist
1998; Hosken and Stockley 2004; Langerhans 2011).
Xiphophorus exhibit an array of gonopodial morphologies
(Fig. 2), some of which may be shaped by sexual selection
processes. The armament or putative optimal holdfast
traits, hooks, spines, and claws (Fig. 1, Table 1), for
example, may be influenced by a combination of sperm
competition, cryptic female choice, and postmating sexual
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conflict (Langerhans 2011). These holdfast traits appear
to be key candidates in sperm competition as they may
enhance insemination or postinsemination fertilization
success by increasing the duration of copulation and
therefore sperm transfer success, or place sperm in favor-
able locations in the female genitalia. Such traits might
also reduce the insemination or fertilization success of
rival males through removing sperm or causing injuries
to female genitalia that tend to cause females to be chaste,
and might be sexually antagonistic and prevent further
copulations (Constanz 1984; Langerhans 2011). Further,
under the postmating sexual conflict hypothesis of genital
evolution, one of the main predictions is that male genital
traits that increase male fitness reduce female fitness and
cause females to directly benefit from rejecting some con-
specific males by reducing the direct costs of unwanted
inseminations. The claw, hooks, spines, and serrae struc-
tures in Xiphophorus appear to be “offensive structures,”
which suggests that they might have a role in sexual con-
flict; again, further studies are needed to test such predic-
tions directly (Langerhans 2011). Additionally, poeciliids
are known to vary even intraspecifically in the frequency
with which males utilize coercive mating tactics, such as
gonopodial thrusting, and these differences can correlate
with gonopodium shape and size (e.g., Farr et al. 1986,
see also Ptacek and Travis 1998). It would be interesting
to perform further tests to determine whether such differ-
ences in mating tactics are correlated with the differences
in shape and size of the Xiphophorus gonopodium. If
sperm competition and/or postmating sexual conflict is
driving the functional morphology of the gonopodium,
one would expect such unique keys to have specific lock
counterparts (Eberhard 2004; Eberhard and Ramirez
2004; Jagadeeshan and Singh 2006). As suggested above,
to date this has not been described for poeciliid females.
However, there is evidence that female genitalia vary
across populations with different expected levels of sexual
coercion (Evans et al. 2013); therefore rather than func-
tioning as a lock, the female gonopore may function to
deter coercive copulations.
A likely alternative driver of elaborate male genital
morphology is female choice. As suggested by Langerhans
(2011) for poeciliids more generally, the distal tip of the
Xiphophorus gonopodium is quite unusual and is likely to
be the object of cryptic female choice. Cryptic female
choice has been well studied in insects and spiders and is
thought to influence the evolution of extraordinary male
genital morphologies, and we are now beginning to
understand how this might apply to poeciliids (Evans
et al. 2011; Langerhans 2011). In Drosophila, for example,
male genitalia vary radically in size and shape between
closely related species, whereas female genital morphology
tends to be less variable (Eberhard 1985). This variation
in males is likely the result of female choice and conflict
(Jagadeeshan and Singh 2006). Further, using fluores-
cently labeled sperm protein, it has recently been shown
that Drosophila simulans females can alter the proportion
of conspecific and heterospecific sperm stored (Chippin-
dale 2013; Manier et al. 2013). Specific functional tests
and comparisons between the roles of different sexual
selection pressures, and particularly investigating the role
of female choice, are important next steps in unraveling
exactly how highly variable male genital morphology
arises, and also whether these traits may be key to species
diversification in poeciliid fishes.
Conclusions
In this study, we have shown that there are elaborate
interspecific differences in male genital morphology in the
genus Xiphophorus. We provide evidence for no differ-
ences in evolutionary rates or modes of evolution in geni-
tal and nongenital traits in these fish, suggesting a
commonality in the forces shaping gonopodial and non-
gonopodial traits. Natural selection mechanisms, both
mating and nonmating, do not appear to be driving the
diverse Xiphophorus gonopodial morphology. We find
inconsistent evidence that the putative holdfast features
of the male genital organ are affected by water flow, a
candidate ecological selective mechanism in aquatic envi-
ronments. Additionally, the finding that interspecific
divergence in gonopodial morphology is not significantly
higher between sympatric species, than between allopatric
species, would seem to argue against the hypothesis that
genital evolution plays a major role in speciation resulting
in reproductive character displacement. Our results also
indicate that gonopodial traits may be evolving at a
slower rate than a subset of nongonopodial traits thought
to be under sexual selection. However, further investiga-
tions of these genital structures are the important next
steps in understanding if and how sexual selection (as
opposed to more neutral evolution) may be involved in
driving the evolution of the gonopodium.
Acknowledgments
This work was supported by grants of the Deutsche
Forschungsgemeinschaft (DFG) (J. C. Jones, JO 898/1-1),
the Zukunftskolleg at the University of Konstanz (J. C.
Jones), DAAD (A/11/78461), and Marie Curie IEF
(PIEF-GA-2012-327875) (C. Fruciano), the University of
Konstanz (A. Meyer), and the University of W€urzburg
(M. Schartl). We thank the Xiphophorus Genetic Stock
Centre (San Marcos) for supplying samples of X. mixei and
X. monticolus and Gil Rosenthal for supplying the X. mal-
inche samples.
ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 7217
J. C. Jones et al. Evolution of the male intromittent organ
Conflict of Interests
None declared.
References
Adams, D. C. 2013. Comparing evolutionary rates for different
phenotypic traits on a phylogeny using likelihood. Syst. Biol.
62:181–192.
Adams, D. C. 2014. A generalized k statistic for estimating
phylogenetic signal from shape and other high-dimensional
multivariate data. Syst. Biol. 63:685–697.
Akaike, H. 1973. Information theory and an extension of the
maximum likelihood principle. Pp. 207–261 in B. N. Petrov
and F. Csaki, eds. Second international symposium on
information theory. Akademiai Kiado, Budapest.
Arnqvist, G. 1998. Comparative evidence for the evolution of
genitalia by sexual selection. Nature 393:784–786.
Basolo, A. L. 1990. Female preference for male sword length in
the green swordtail, Xiphophorus helleri (Pisces: Poeciliidae).
Anim. Behav. 40:332–338.
Blomberg, S. P., S. J. S. Theodore Garland, and A. R. Ives.
2003. Testing for phylogenetic signal in comparative
data: behavioral traits are more labile. Evolution 57:
717–745.
Butler, M. A., and A. A. King. 2004. Phylogenetic comparative
analysis: a modeling approach for adaptive evolution. Am.
Nat. 164:683–695.
Chippindale, A. K. 2013. Evolution: sperm, cryptic choice, and
the origin of species. Curr. Biol. 23:R885–R887.
Clark, E., L. R. Aronson, and M. Gordon. 1954. Mating
behavior patterns in two sympatric species of Xiphophorin
fishes: their inheritance and significance in sexual isolation.
Bull. AMNH 103:1899–1959.
Constanz, G. D. 1984. Sperm competition in poeciliid fishes.
Pp. 465–485 in R. L. Smith, ed. Female control. Academic
Press Inc, Orlando, FL.
Coyne, J. A., and H. A. Orr. 1989. Patterns of speciation in
Drosophila. Evolution 43:362–381.
Darwin, C. 1872. The descent of man, and selection in relation
to sex. John Murray, United Kingdom.
Dingerkus, G., and L. D. Uhler. 1977. Enzyme clearing of
alcian blue stained whole small vertebrates for
demonstration of cartilage. Biotech. Histochem. 52:229–232.
Eberhard, W. G. 1985. Sexual selection and animal genitalia.
Harvard University Press, US.
Eberhard, W. G. 1996. Female control. Princeton Univ. Press,
Princeton, NJ.
Eberhard, W. G. 2004. Rapid divergent evolution of sexual
morphology: comparative tests of antagonistic
coevolution and traditional female choice. Evolution
58:1947–1970.
Eberhard, W. G. 2010a. Evolution of genitalia: theories,
evidence, and new directions. Genetica 138:5–18.
Eberhard, W. G. 2010b. Rapid divergent evolution of genitalia.
Pp. 40–78 in J. Leonard and A. Cordoba-Aguilar, eds. The
evolution of primary sexual characters in animals. Oxford
Univ. Press, Oxford, U.K.
Eberhard, W. G., and N. Ramirez. 2004. Functional morphology
of the male genitalia of four species of Drosophila: failure to
confirm both lock and key and male-female conflict
predictions. Ann. Entomol. Soc. Am. 97:1007–1017.
Edwards, R. 1993. Entomological and mammalogical perspectives
on genital differentiation. Trends Ecol. Evol. 8:406–409.
Evans, J. P., and A. D. Meisner. 2009. Copulatory structures:
taxonomic overview and the potential for sexual selection.
Pp. 138–180 in B. G. M. Jamieson, ed. Reproductive biology
and phylogeny of fishes (Agnathans and Bony Fishes).
Science Publishers U.S.
Evans, J. P., and A. Pilastro. 2011. Postcopulatory sexual
selection. Pp. 228–240 in J. P. Evans, A. Pilastro, and , I.
Schlupp, ed. Ecology and Evolution of Poeciliid Fishes. The
University of Chicago Press, Chicago, USA.
Evans, J. P., E. van Lieshout, and C. Gasparini. 2013.
Quantitative genetic insights into the coevolutionary
dynamics of male and female genitalia. Proc. R. Soc. Lond.
B Biol. Sci. 280:20130749.
Farr, J. A., J. Travis, and J. C. Trexler. 1986. Behavioural
allometry and interdemic variation in sexual behaviour of
the sailfin molly, Poecilia latipinna (Pisces: Poeciliidae).
Anim. Behav. 34:497–509.
Felsenstein, J. 1973. Maximum-likelihood estimation of
evolutionary trees from continuous characters. Am. J. Hum.
Genet. 25:471–492.
Franck, D., A. M€uller, and N. Rogmann. 2003. A colour and
size dimorphism in the green swordtail (population Jalapa):
female mate choice, male–male competition, and male
mating strategies. Acta Ethol. 5:75–79.
Garland, T., Jr, and A. R. Ives. 2000. Using the past to
predict the present: confidence intervals for regression
equations in phylogenetic comparative methods. Am. Nat.
155:346–364.
Gower, J. C. 1971. A general coefficient of similarity and some
of its properties. Biometrics 27:857.
Grafen, A. 1989. The phylogenetic regression. Phil. Trans. R.
Soc. Lond. B Biol. Sci. 326:119–157.
Harmon, L. J., J. T. Weir, C. D. Brock, R. E. Glor, and W.
Challenger. 2008. GEIGER: investigating evolutionary
radiations. Bioinformatics 24:129–131.
Harmon, L. J., J. B. Losos, T. Jonathan Davies, R. G. Gillespie,
J. L. Gittleman, W. Bryan Jennings, et al. 2010. Early bursts
of body size and shape evolution are rare in comparative
data. Evolution 64:2385–2396.
Heckel, J. J. (1849). Eine neue Gattung von Poecilien mit
rochenartigem Anklammerungs-Organe. Atlas zu der Reise
im nordlichen Africa. Fische des Rothen Meeres 1
(pt1–5):289–303.
7218 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Evolution of the male intromittent organ J. C. Jones et al.
Heinen Kay, J. L., and R. B. Langerhans. 2013. Predation-
associated divergence of male genital morphology in a
livebearing fish. J. Evol. Biol. 26:2135–2146.
Heinen-Kay, J. L., H. G. Noel, C. A. Layman, and R. B.
Langerhans. 2014. Human-caused habitat fragmentation can
drive rapid divergence of male genitalia. Evol. Appl. 7:1252–
1267.
Hosken, D. J., and P. Stockley. 2004. Sexual selection and
genital evolution. Trends Ecol. Evol. 19:87–93.
Hurvich, C. M., and C.-L. Tsai. 1989. Regression and time
series model selection in small samples. Biometrika
76:297–307.
Jagadeeshan, S., and R. S. Singh. 2006. A time-sequence
functional analysis of mating behaviour and genital coupling
in Drosophila: role of cryptic female choice and male sex-
drive in the evolution of male genitalia. J. Evol. Biol.
19:1058–1070.
Jennions, M. D., and C. D. Kelly. 2002. Geographical variation
in male genitalia in Brachyrhaphis episcopi (Poeciliidae): is it
sexually or naturally selected? Oikos 97:79–86.
Jombart, T., and S. Dray. 2008. adephylo: exploratory analyses
for the phylogenetic comparative method.
Jones, J. C., J.-A. Perez-Sato, and A. Meyer. 2012. A
phylogeographic investigation of the hybrid origin of a
species of swordtail fish from Mexico. Mol. Ecol. 21:2692–
2712.
Jones, J. C., S. Fan, P. Franchini, M. Schartl, and A. Meyer.
2013. The evolutionary history of Xiphophorus fish and their
sexually selected sword: a genome-wide approach using
restriction site-associated DNA sequencing. Mol. Ecol.
22:2986–3001.
Kallman, K. D., and S. Kazianis. 2006. The genus Xiphophorus
in Mexico and central America. Zebrafish 3:271–285.
Kallman, K. D., D. C. Morizot, and S. Kazianis. 2004. Two
new species of Xiphophorus (Poeciliidae) from the Isthmus
of Tehuantepec, Oaxaca, Mexico, with a discussion of the
distribution of the X. clemenciae clade. Am. Mus. Novit.
3441:1–34.
Kelly, C. D., J.-G. J. Godin, and G. Abdallah. 2000.
Geographical variation in the male intromittent organ of the
Trinidadian guppy (Poecilia reticulata). Can. J. Zool.
78:1674–1680.
Kingston, J. J., G. G. Rosenthal, and M. J. Ryan. 2003. The
role of sexual selection in maintaining a colour
polymorphism in the pygmy swordtail, Xiphophorus
pygmaeus. Anim. Behav. 65:735–743.
Klaczko, J., T. Ingram, and J. Losos. 2015. Genitals evolve
faster than other traits in Anolis lizards. J. Zool. 295:44–48.
Kwan, L., Y. Y. Cheng, F. H. Rodd, and L. Rowe. 2013. Sexual
conflict and the function of genitalic claws in guppies
(Poecilia reticulata). Biol. Lett. 9:20130267.
Lampert, K. P., C. Schmidt, P. Fischer, J.-N. Volff, C.
Hoffmann, J. Muck, et al. 2010. Determination of onset
of sexual maturation and mating behavior by
melanocortin receptor 4 polymorphisms. Curr. Biol.
20:1729–1734.
Langerhans, R. B. 2011. Genital evolution. Pp. 228–240 in I.
Schlupp, A. Pilastro and J. P. Evans, eds. Ecology and
evolution of Poeciliid fishes. The University of Chicago
Press, Chicago, USA.
Langerhans, R. B., C. A. Layman, and T. J. DeWitt. 2005. Male
genital size reflects a tradeoff between attracting mates and
avoiding predators in two live-bearing fish species. Proc.
Natl Acad. Sci. USA 102:7618–7623.
Maechler, M., P. Rousseeuw, A. Struyf, M. Hubert, and K.
Hornik. 2014. cluster: cluster analysis basics and extensions.
R package version 1.15.3.
Manier, M. K., S. L€upold, J. M. Belote, W. T. Starmer, K. S.
Berben, O. Ala-Honkola, et al. 2013. Postcopulatory sexual
selection generates speciation phenotypes in Drosophila.
Curr. Biol. 23:1853–1862.
Marcus, J. M., and A. R. McCune. 1999. Ontogeny and
phylogeny in the northern swordtail clade of Xiphophorus.
Syst. Biol. 48:491–522.
Martins, E. P., and T. F. Hansen. 1997. Phylogenies and the
comparative method: a general approach to incorporating
phylogenetic information into the analysis of interspecific
data. Am. Nat. 149:646.
Masly, J. P. 2012. 170 years of “lock-and-key”: genital
morphology and reproductive isolation. Int. J. Evol. Biol.
2012:1–10.
Meyer, M. K. 1983. Xiphophorus-Hybriden aus Nord-Mexiko,
mit einer Revision der Taxa X. kosszanderi und X. roseni
(Osteichthyes, Poeciliidae). Zool. Abh. 38:285–291.
Meyer, M. K., and M. Schartl. 2003. Xiphophorus kallmani sp.
n.-a new species of swordtail from Mexico (Teleostei,
Cyprinodontiformes, Poeciliidae). Zool. Abh. 53:57–64.
Morris, M., and K. Casey. 1998. Female swordtail fish prefer
symmetrical sexual signal. Anim. Behav. 55:33–39.
Morris, M. R., P. F. Nicoletto, and E. Hesselman. 2003. A
polymorphism in female preference for a polymorphic male
trait in the swordtail fish Xiphophorus cortezi. Anim. Behav.
65:45–52.
Oden, N., and R. Sokal. 1992. An investigation of the three-
matrix permutation test. J. Classif. 9:275–290.
Oksanen, J., F. Guillaume Blanchet, R. Kindt, P. Legendre, P.
R. Minchin, R. B. O’Hara, et al. 2016. vegan: community
ecology package.
O’Meara, B. C., C. Ane, M. J. Sanderson, and P. C.
Wainwright. 2006. Testing for different rates of
continuous trait evolution using likelihood. Evolution
60:922–933.
Oufiero, C. E., and T. Garland. 2007. Evaluating performance
costs of sexually selected traits. Funct. Ecol. 21:676–689.
Oufiero, C. E., K. N. Jugo, P. Tran, and T. Garland Jr. 2012.
As the sword grows: ontogenetic effects of a sexually
selected trait on locomotor performance in Xiphophorus
hellerii. Physiol. Biochem. Zool. 56:1044–1048.
ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 7219
J. C. Jones et al. Evolution of the male intromittent organ
Oufiero, C. E., K. Jugo, and T. Garland Jr. 2014a. Swimming
with a sword: tail beat kinematics in relation to sword
length in Xiphophorus. Funct. Ecol. 28:924–932.
Oufiero, C. E., R. W. Meredith, K. N. Jugo, P. Tran, M. A.
Chappell, M. S. Springer, et al. 2014b. The evolution of the
sexually selected sword in Xiphophorus does not
compromise aerobic locomotor performance. Evolution
68:1806–1823.
Pagel, M. 1999. Inferring the historical patterns of biological
evolution. Nature 401:877–884.
Paradis, E., J. Claude, and K. Strimmer. 2004. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics
20:289–290.
Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core
Team. 2016. nlme: linear and nonlinear mixed effects
models.
Ptacek, M. B. A., and J. Travis. 1998. Hierarchical patterns of
covariance between morphological and behavioural traits.
Animal Behaviour.
R Core Team. 2013. R: a language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Rauchenberger, M., K. D. Kallman, and D. C. Morizot. 1990.
Monophyly and geography of the Rıo Panuco Basin
swordtails (genus Xiphophorus) with descriptions of four
new species. Am. Mus. Novit. 2975:1–44.
Robson, G. C., and O. W. Richards. 1936. The variation of
animals in nature. Longmans, Green and co., UK.
Rohlf, F. J. 2001. Comparative methods for the analysis of
continuous variables: geometric interpretations. Evolution
55:2143–2160.
Rosen, D. 1960. Middle-American poeciliid fished of the genus
Xiphophorus. Bull. Florida State Mus. 5:1–188.
Rosen, D. E. 1979. Fishes from the uplands and
intermontane basins of Guatemala: revisionary studies and
comparative geography. Bull. Am. Mus. Nat. Hist.
162:268–375.
Ryan, M. J., and B. A. Causey. 1989. “Alternative” mating
behavior in the swordtails Xiphophorus nigrensis and
Xiphophorus pygmaeus (Pisces: Poeciliidae). Behav. Ecol.
Sociobiol. 24:341–348.
Sanderson, M. J. 2002. Estimating absolute rates of molecular
evolution and divergence times: a penalized likelihood
approach. Mol. Biol. Evol. 19:101–109.
Shapiro, A. M., and A. H. Porter. 1989. The lock-and-key
hypothesis: evolutionary and biosystematic interpretation of
insect genitalia. Annu. Rev. Entomol. 34:231–245.
Smouse, P. E., J. C. Long, and R. R. Sokal. 1986. Multiple
regression and correlation extensions of the mantel test of
matrix correspondence. Syst. Zool. 35:627.
Supporting Information
Additional Supporting Information may be found online
in the supporting information tab for this article:
Figure S1. Mirror tree depiction of the relationship
between fast and slow flowing habitats (preferred) and
the presence of the putative hold fast trait, the claw. Open
circles indicate no data is available.
Figure S2. Morphometric traits measured on the claw
and serrae of the gonopodium of all Xiphophorus species.
Table S1. Specimens by origin and species.
Table S2. Raw scores of all gonopodial traits used in this
study.
Table S3. Summary of sympatric, allopatric and naturally
hybridizing species pairs in the genus Xiphophorus.
Table S4. Summary of species known to hybridize in the
laboratory.
7220 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Evolution of the male intromittent organ J. C. Jones et al.
